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ABSTRACT: The nonpolarizable CHARMM force ﬁeld is one of
the most widely used energy functions for all-atom biomolecular
simulations. Chloride is the only halide ion included in the latest
version, CHARMM36m, and is used widely in simulation studies,
often as an electrolyte ion but also as the biological substrate of
transport proteins and enzymes. Here, we ﬁnd that existing
parameters systematically underestimate the interaction of Cl−
with proteins and lipids. Accordingly, when examined in solution,
little to no Cl−association can be observed with most components
of the protein, including backbone, polar side chains and aromatic
rings. The strength of the interaction with cationic side chains and
with alkali ions is also incongruent with experimental measurements, speciﬁcally osmotic coeﬃcients of concentrated solutions.
Consistent with these ﬁndings, a 4-μs trajectory of the Cl−-speciﬁc transport protein CLC-ec1 shows irreversible Cl− dissociation
from the so-called Scen binding site, even in a 150 mM NaCl buﬀer. To correct for these deﬁciencies, we formulate a series of pairspeciﬁc Lennard-Jones parameters that override those resulting from the conventional Lorentz−Berthelot combination rules. These
parameters, referred to as NBFIX, are systematically calibrated against available experimental data as well as ab initio geometry
optimizations and energy evaluations, for a wide set of binary and ternary Cl− complexes with protein and lipid analogs and alkali
cations. Analogously, we also formulate parameter sets for the other three biological halide ions, namely, ﬂuoride, bromide, and
iodide. The resulting parameters are used to calculate the potential of mean force deﬁning the interaction of each anion and each of
the protein and lipid analogues in bulk water, revealing association free energies in the range of −0.3 to −3.3 kcal/mol, with the F−
complexes being the least stable. The NBFIX corrections also preserve the Cl− occupancy of CLC-ec1 in a second 4-μs trajectory.
We posit that these optimized molecular-mechanics models provide a more realistic foundation for all-atom simulation studies of
processes entailing changes in hydration, recognition, or transport of halide anions.

1. INTRODUCTION
The halide ions (F−, Cl−, Br−, I−) are ubiquitous in biological
systems and have key functions. Chloride is the most abundant
anion in the extracellular ﬂuid that regulates the osmotic
pressure and the acid−base balance in the body; it is part of
hydrochloric acid in the stomach, and it helps to catalyze the
vital exchange of oxygen and carbon dioxide in red cells.1,2
Iodide is a fundamental constituent of the thyroid hormones,
which are essential for the growth and development of organs
and is thought to have an antioxidant protective role and to be
cytotoxic in human cancer.3 Fluoride is crucial for bone growth
and dental health,4 and bromide has been recently revealed as
essential for the development of a form of extracellular
matrices known as basement membranes.5
Given their diverse biological roles, but also their potential
toxicity, cells employ a range of channels and transporters to
control the movement of halide ions across membranes. For
example, Cl−channels and Cl−/H+ antiporters of the CLC
family are expressed in the plasma and intracellular membranes
Not subject to U.S. Copyright. Published
2021 by American Chemical Society

of many cell types across most organisms, and they are
essential in processes such as the regulation of the resting
membrane potential or the acidiﬁcation of lysosomes.6 The
transport of I− into the thyroid follicular cells, the ﬁrst step in
thyroid hormone biosynthesis, is catalyzed by the Na+/I−
symporter.7 And the recently discovered family of Fluc ion
channels confers bacteria and some eukaryotic cells with a
means of protection against cytotoxic levels of intracellular F−.8
Thus, it is of clear interest to further our understanding of
the molecular mechanisms underlying the recognition and
transport of halide ions in biological systems. As in other areas
of physiology and biochemistry, computer simulation methods,
Received: June 2, 2021
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Table 1. Structural Features, Interaction Energies, and Experimental Association Enthalpies at 0 K for H2O−X− Complexes
MP2/6-311++G(d,p)a
conformer

ion
(X−)
−

MM Force Fieldb

Experimental

rion···H
(Å)

rion···O
(Å)

θion···H−O
(°)

E
(kcal/mol)

E
(kcal/mol)

rion···H
(Å)

rion···O
(Å)

θion···H−O
(°)

EMM
(kcal/mol)

CP

1a

F
Cl−
Br−
I−

2.21
2.65
2.81
3.05

2.68
3.20
3.36
3.59

108
116
116
117

−18.4
−14.9
−13.4
−11.5

−16.7
−13.1
−11.8
−10.6

2.22
2.66
2.81
3.07

2.67
3.13
3.29
3.56

108
111
112
113

−18.6
−14.2
−13.1
−11.4

1b

F−
Cl−

1.54
2.15

2.50
3.11

173
165

−25.1
−16.0

−22.7
−13.7

1.70
2.24

2.61
3.10

158
148

−21.2
−14.7

Br−
I−

2.39
2.70

3.33
3.59

160
152

−13.8
−11.6

−12.2
−10.8

2.44
2.81

3.26
3.55

144
135

−13.3
−11.5

ΔH°0 (kcal/mol)

−23.3,c −26.2d
−13.1,c −14.7e,
−14.9f
−12.6,c −11.7e
−10.2,c −10.3e,
−11.1f

For structures of H2O−F−, we precluded proton transfer by constraining the geometry of H2O to that of the isolated molecule calculated with
MP2/6-311++G(d,p), to be able to compare later with MM calculations. bBased on energy minimizations where the length of the OH bonds was
constrained as in the TIP3 model. cData taken from ref 57. dData taken from ref 58. eData taken from ref 59. fData taken from ref 60.
a

To illustrate the impact of these deﬁciencies, we demonstrate
that microsecond-long trajectories of the Cl−-speciﬁc transporter CLC-ec1 result in irreversible dissociation of Cl− from
its core binding site, even when the Cl− buﬀer concentration
greatly exceeds the expected dissociation constant. To mitigate
these inaccuracies we calibrate, for each halide ion and each
possible interaction partner, a series of pair-speciﬁc LJ
parameters that override the standard combination rules. We
posit that these corrections, known as NBFIX, will permit a
more realistic examination of processes involving the solvation,
recognition, or transport of halide ions.

and speciﬁcally molecular dynamics (MD), ought to play an
important role in this research. Although not as accurate as
methods based on quantum-mechanical (QM) or semiempirical QM energy functions, which often are used in
theoretical chemistry, MD simulations permit the evaluation of
complex molecular processes in much larger molecular systems
and over much longer time scales; thus, their potential to
reveal observations that are both mechanistically relevant and
statistically signiﬁcant is also greater. Among this class of
methods, those based on nonpolarizable, ﬁxed-charged force
ﬁelds such as CHARMM or AMBER are widely used, and will
remain so for the foreseeable future for several important
reasons, such as transferability among software platforms and
computing architectures, cross-consistency among studies, and
optimal performance. Therefore, it is worthwhile to continue
to improve and expand this type of model in parallel to other
innovations in this area.
In this study, we set out to evaluate the suitability of
CHARMM36m,9 the latest version of the CHARMM force
ﬁeld, for simulation studies of biomolecular processes involving
halide ions. Chloride is the only halide ion included in this
version, represented by a set of generic Lennard-Jones (LJ)
parameters that are applied to calculate all types of interatomic
forces via the Lorentz−Berthelot combination rules. In the ﬁrst
section of this manuscript, we ascertain that these parameters
produce the correct hydration structure and hydration free
energy, and formulate analogous parameters for ﬂuoride,
bromide, and iodide. We then proceed to evaluate whether
these generic parameters also lead to a reasonably accurate
description of the interactions between the anions and the
alkali cations as well as protein and lipids analogues, as
represented in CHARMM36m. To this end, we examine the
interactions with Li+, Na+, K+, Rb+, Cs+ and 15 analogues of
neutral and cationic chemical groups found in naturally
occurring amino acids and some lipids (N-methylacetamide
(NMA), acetamide, methylamine, methanol, ethylene glycol,
acetic acid, methanethiol, benzene, phenol, indole and
imidazole; and methylammonium, tetramethylammonium,
guanidinium, and imidazolium, respectively). We ﬁnd,
strikingly, that the strength of most interactions is signiﬁcantly
underestimated, both in the gas phase and in solution. This
result is particularly concerning for Cl−, which is included in
many simulation studies, oftentimes as an electrolyte ion but
also as the substrate of Cl−-speciﬁc channels and transporters.

2. COMPUTATIONAL METHODOLOGY
2.1. Ab Initio Quantum Chemical Calculations. All ab
initio QM calculations were performed using Gaussian16.10
The calculations were performed in the gas phase at the MP2
level with the 6-311++G(d,p) basis set for H, C, N, O, F, S, Cl,
and Br. For iodine, the def2-TZVPD basis set11 was used,
along with the small eﬀective core potentials of Peterson et
al.12 Interaction energies were calculated as the diﬀerence
between the potential energy of the complexes and those of the
constituting fragments. The counterpoise (CP) procedure of
Boys and Bernardi13 was used to correct these energies for
basis set superposition error (BSSE); both uncorrected (E)
and corrected (ECP) values are reported.
For all F− complexes examined, the geometry optimizations
were constrained to preclude deprotonation of the ligand or
artifactual elongations of interacting OH/NH/SH bonds, as
these eﬀects reﬂect gas-phase conditions but are improbable in
bulk phases or in binding sites where the ions are always
multicoordinated. For example, an unconstrained geometry
optimization of structure 1b of the H2O−F− complex resulted
in a signiﬁcant elongation of the ion-neighboring OH bond
(1.051 Å) and in a large interaction energy (E = −31.8, ECP =
−28.7 kcal/mol). This partial dissociation of H2O in the
context of the H2O−F− dimer would be however unlikely for a
multicoordinated ion, due to charge dispersal over the
surrounding ligands. Indeed, QM molecular dynamics
simulations have revealed minimal or no impact of the halide
anions on the electronic and structural properties of the ﬁrstshell water molecules.14−17 Therefore, for the binary F−
complexes, the geometry of the ligand was constrained to
that of the isolated fragment. Similarly, for the quaternary F−
complexes we constrained the ion-interacting NH/OH/SH
6241
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mol).29 ΔGintr
hyd is the intrinsic bulk-phase value, which can be
calculated via MD simulations of a periodic system. Here, we
used the Free-Energy Perturbation method, dissecting
favorable and unfavorable contributions.30 That is,

bonds of the ligands to the optimal length when the ligands are
isolated. The larger Cl−, Br−, and I− ions impact the geometry
of the neutral analogues to a much smaller extent (for example,
the interacting O−H bond length of H2O complexes with Cl−,
Br−, and I− is, respectively, 0.984, 0.978, and 0.973 Å,
compared to 0.959 Å for gaseous H2O). The geometry of these
complexes was thus optimized without constraints. Only for
Cl−, Br−, and I− complexes with a single methylammonium,
guanidinium, or imidazolium ion were the ion-interacting NH
bonds of the ligands constrained to the optimal length of the
isolated ligands, in order to avoid their deprotonation or
artifactual elongations.
We also evaluated the degree of charge transfer in the global
energy-minimum complexes, using Natural Bond Orbital
(NBO) analysis of the MP2-computed molecular orbitals.
For comparison, the geometries and interaction energies of the
Cl−-analogue complexes were also evaluated with B2PLYPD/
6-311++G(d,p) and M062X/6-311++G(d,p).
2.2. Molecular Mechanics Calculations. Molecular
mechanics (MM) calculations were performed with
CHARMM,18 using our models for F−, Br−, and I− and the
existing CHARMM36m parameters for Cl−, Li+, Na+, K+, Rb+,
Cs+, for the TIP3P model of H2O,19,20 and for lipid and aminoacid model compounds.9 MM interaction energies (EMM and
EMM,opt) were calculated as the diﬀerence between the potential
energies of the complex and of the isolated constituents,
following a 3000-step energy minimization using the AdaptiveBasis Newton−Raphson method (RMS gradient of 10−6 kcal/
mol/Å,21 with covalent bonds to H constrained at their
reference lengths with the RATTLE/Roll algorithm.22)
2.3. Molecular Dynamics Simulations of Ions and IonAnalogue Pairs. The hydration properties of the halide ions
and the stability of their complexes with alkali ions and with
protein and lipid analogues were investigated using MD
simulations. For each ion (Table 1) and each of the ionanalogue complexes, a 100 ns trajectory was calculated with
CHARMM,18 using a cubic box of 250 TIP3P19,20 water
molecules with periodic boundary conditions (PBC) in the
isothermal−isobaric ensemble (NPT) at 298.15 K and 1.0 atm.
Long-range electrostatic interactions were computed using the
PME method23 with the parameter κ = 0.34 for charge
screening and a 1.0 Å grid spacing with sixth-order splines for
mesh interpolation. Real-space interactions (van der Waals and
short-range electrostatics) were cut oﬀ at 12 Å. The Nosé−
Hoover thermostat24 and Andersen−Hoover barostat 25
maintained the temperature and pressure at the preset values
with relaxation time of 0.1 ps. The equations of motion were
integrated in 1 fs time steps and all covalent bonds involving H
atoms were constrained at their reference lengths using the
RATTLE/Roll algorithm.22
2.4. Ion Hydration Free Energies. The real hydration
real
free energy (ΔGhyd
) that corresponds to the reversible
thermodynamic work to move a single ion from vacuum to
the interior of a pure water phase at 298.15 K and 1.0 atm is
deﬁned as26,27
real
intr
ΔG hyd
= ΔG hyd
+ zF Φ + C

Article

intr
ΔG hyd
= ΔGelec + ΔGdisp + ΔGrep

(2)

where ΔGelec is the electrostatic component of the hydration
free energy and ΔGdisp and ΔGrep correspond to the attractive
and repulsive components of the LJ potential used to model
the van der Waals (vdW) interactions. ΔGelec and ΔGdisp were
computed using λ values of 0, 0.1, 0.2, ..., 0.1 while ΔGrep was
computed with a ﬁner discretization (λ = 0, 0.05, 0.1, 0.15, 0.2,
0.25, 0.3, 0.35, 0.4, 0.5, ..., 0.1), using a soft-core scheme31 and
the Weighted-Histogram Analysis Method (WHAM).32 Each λ
window was equilibrated for 50 ps followed by subsequent data
collection for 500 ps.
We also calculated diﬀerences in the hydration free energy of
one ion relative to its immediate neighbor in the series
(ΔΔGhyd) using a protocol based on the Thermodynamic
Integration method, similar to that reported elsewhere.33 In
particular, the hydration free energy of F−/Cl−/Br− or Li+/
Na+/K+/Rb+ (ion A) relative to Cl−/Br−/I− or Na+/K+/Rb+/
Cs+ (ion B) was deduced from34
ΔΔG hyd(A → B) ≡ ΔG hyd(B) − ΔG hyd(A) = ΔGmut
(3)

where ΔGmut is the change in free energy for the alchemical
A→ B “mutation” in water. This alchemical mutation was
performed in 11 steps, controlled by a scaling parameter λ with
the following values: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
and 1. Each λ window was equilibrated for 150 ps followed by
subsequent data collection for 350 ps.
Finally, the total hydration free energy of the neutral alkali
halides ΔGhyd(MX) (where M = Li+/Na+/K+/Rb+/Cs+ and X
= F−/Cl−/Br−/I−) was calculated as the sum of the hydration
free energies of the salt components:
ΔG hyd(MX) ≡ ΔG hyd(M+) + ΔG hyd(X−)

(4)

2.5. Osmotic Pressure Calculations. Osmotic pressures
of aqueous salt solutions were calculated using simulation
systems that consist of two compartments separated by a
semipermeable membrane, as described previously.35,36 Each
compartment was prepared individually, and then merged with
the other. The ﬁrst compartment contains a solution of each of
the halide ions and either an alkali ion (Li+, Na+, K+, Rb+, Cs+),
methylammonium, tetramethylammonium, guanidinium, or
imidazolium. The second compartment contains water only.
The salt solutions were prepared with PACKMOL,37 by
randomly mixing 35, 69, 208, or 346 ion pairs with 3840 H2O
molecules in orthorhombic boxes of dimensions 48 Å × 48 Å
in the XY-plane, and with Z-dimensions of 50, 55, 65, and 75
Å, respectively (i.e., salt concentrations of 0.5, 1, 3, and 5 m).
These solutions were equilibrated for 5 ns at 298.15 K and 1.0
atm, with periodic-boundary conditions, and keeping constant
the cross-sectional area of the box along the XY-plane but
allowing for the Z-dimension to ﬂuctuate. For each salt
solution, the average value of this Z-dimension (Zs) was
annotated after discarding the ﬁrst 0.5 ns of simulation. The
water compartment also includes 3840 H2O molecules and was
equilibrated similarly, again preserving the cross-sectional area
at 48 Å × 48 Å. The two compartments were then merged,
allowing for a 2-Å gap between them, to prevent clashes, and

(1)

where z is the charge, F the Faraday constant (23.06 kcal/mol/
V), Φ the electrostatic potential at the liquid/vacuum interface
(−500 mV for the TIP3P water model),28 and C an entropic
contribution that accounts for the compression in volume from
24.465 L/mol in the ideal gas to 1 L in solution (C = 1.9 kcal/
6242

https://doi.org/10.1021/acs.jctc.1c00550
J. Chem. Theory Comput. 2021, 17, 6240−6261

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

we used experimentally determined osmotic pressure data as
the target. We initially calculated these data using the standard
combination rules. Overly high or low pressures were then
adjusted by increasing or decreasing the anion−cation
interaction energy, respectively. This increase or decrease
was quantiﬁed in parallel, for energy-minimized geometries of
each complex in the gas phase, as well as radial distribution
functions (RDFs) and potential-of-mean force (PMFs)
calculations in solution. (For the anion−analogue complexes
for which no osmotic pressure data are available, we assumed
that these interaction energy corrections would be equivalent
to those determined for the complexes experimentally
characterized.) To make these corrections, we deﬁned pairspeciﬁc NBFIX parameters for each of the anions and each of
the alkali ions, the N atom of methylammonium (atom type
NH3 and NH3L), guanidinium (NC2), and imidazolium
(NR3), and the C atoms of tetramethylammonium (CTL5).
For tetramethylammonium ﬂuoride we additionally adjusted
the parameters for H atoms (HL). In all cases, we maintained
Rmin,ij at the default value and varied ϵij to reproduce the
osmotic pressure of the 5 m solution, resulting in good
agreement with the experiment for all concentrations. For NaF,
we targeted the osmotic pressure of the 1 m solution, as the
solubility limit of NaF in water is 0.987 m at 25 °C.48 For LiI,
RbF, CsF, and CsI, we targeted the experimental osmotic
pressure of the 3 m solutions, because of the absence of
osmotic coeﬃcient data at ≥5 m.
To identify NBFIX parameters for the interactions of the
halide ions with neutral analogues of protein and lipid groups,
we used ab initio interaction energies (ECP) and interaction
geometries as target data. These data were obtained for
quaternary anion−NMA−NMA−analog complexes in the case
of F−, and ternary anion−NMA−analog complexes for Cl−,
Br−, and I−. The optimization entailed an iterative process
whereby MM interaction energies and geometries were
compared with the ab initio data and gradually improved
upon; in parallel, radial distribution functions, g(r), were
computed for binary anion−analog complexes in water, based
on 100 ns MD trajectories. Optimal agreement with the ab
initio data was constrained only by the condition that the g(r)
value at large distances (8.5−9.5 Å) be equal or greater to that
observed in the RDFs calculated for cationic analogues (i.e.,
0.9 for F−; 0.8 for Cl−, Br−, and I−), using the NBFIX
parameters calibrated against osmotic-pressure data. This
condition precludes the optimization from yielding nondissociative aqueous complexes. Following this approach, we
optimized the interaction of each halide ion with NMA,
through NBFIX parameters for the N atom (atom type NH1).
For acetamide, we optimized parameters for the N atom
(NH2), which were transferred to methylamine (NH2). (Note
that CHARMM36 uses the same NH2 atom type for these two
groups, and thus NBFIX corrections calibrated for one apply to
the other. While anion interactions with Gln and Asn are
among the most commonly observed in proteins, those with
deprotonated Lys will be extremely rare in physiological
conditions; hence, this NBFIX was optimized for acetamide.)
For methanol NBFIX parameters were optimized for the O
atom (OH1) and applied without further adjustment to acetic
acid and phenol (same atom type) as well as ethylene glycol
(OHL). The anion interactions with benzene were optimized
through NBFIX parameters for the H atoms (atom type HP);
note that phenol and indole share the same atom type for their
ring, C-bound H atoms. (Adjusting NBFIX parameters and the

the resulting system was energy-minimized and further
equilibrated for 2 ns in the NPT ensemble (with constant
cross-sectional area), using the program NAMD.38 Upon
merging the two compartments, a ﬂat-bottom harmonic
potential of width Zs was applied to all solute particles in the
ﬁrst compartment; this potential thus mimics the eﬀect of a
semipermeable membrane, i.e., it conﬁnes the solutes but
permits water ﬂow. A trajectory of 15 ns was then calculated in
the NVT ensemble. The osmotic pressure (Π) was calculated
from this trajectory as35

⟨F ⟩
(5)
A
where A is the cross-sectional area of the system (48 Å × 48 Å)
and ⟨F⟩ is the average force exerted on the solute particles by
the conﬁning potential. This force is calculated as
Π=

⟨F ⟩ =

k
N

∑ ∑ fin
n

(6)

i

where N is the number of simulation steps and f in is the
instantaneous conﬁning force acting on solute atom index i at
time step n. That is, if zin is the Z-coordinate of the solute
atom, then
l
Zs
o
o
o
o
o k zin − 2
o
o
fin = m
o
o
o
o
o
0
o
o
o
n

if |zin| >

Zs
2

if |zin| ≤

Zs
2

(7)

where k is the force constant of the ﬂat-bottom harmonic
potential (10 kcal/mol/Å2). (Note that eq 7 assumes the origin
of coordinates is in the center of the solute compartment.)
To relate the calculated osmotic pressures and experimental
data, were deduced from measured osmotic coeﬃcients (ϕ),
with the expression39
Π = nϕC RT

(8)

where n is the number of salt ions (n = 2 in our case), R the gas
constant, T the absolute temperature (K), and C the molar
concentration (mol/L) of the solution, deduced from the
average volume of the isolated salt compartment during the
preparatory MD simulations.
2.6. Optimization of NBFIX Parameters. The
CHARMM energy function represents vdW interactions
through a conventional LJ potential, which is deﬁned for
each atom type through two parameters, namely, ϵi (minimum
energy) and Rmin,i (the corresponding distance). To evaluate
the LJ interaction for a pair of atoms of type i and j, a set of
parameters is derived from the Lorentz−Berthelot combination rules:
ϵij =

ϵi × ϵj

and

R min, ij =

Article

R min, i + R min, j

(9)
2
The so-called NBFIX parameters used in CHARMM are
explicit pair-speciﬁc deﬁnitions of the ϵij and Rmin,ij meant to
override the values deduced from the combination rules in eq
9. These parameters are a means to improve the accuracy in
the representation of a given type of interaction, and have been
developed for multiple ligands,40−47 but not for halide-ion
interactions with proteins and lipids, to our knowledge.
To identify NBFIX parameters for the interactions of the
halide ions with the alkali ions and with the cationic analogues,
6243
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conformation of the protein was weakly restrained through
harmonic potentials acting on the backbone ϕ and ψ torsions,
in reference to the ﬁnal conﬁguration of the protein at the end
of the equilibration. For the same reason, selected protein−
protein contacts were also maintained throughout the
trajectories, namely those between the side chains of
protonated E113 and E203; the E202 side chain and the
L406 backbone; and the E414 side chain and the L194
backbone. The typical RMS diﬀerences between simulated and
experimental protein structure throughout the trajectories (as
measured by the transmembrane portion of the backbone) was
∼2 Å or less.

C atoms of benzene resulted in binding of the anion to the face
rather than the edge of the benzene, so this approach was
discarded.) To correct the interaction of the ions with
imidazole and indole, we created NBFIX parameters for their
N atoms (NR1 and NY, respectively). Lastly, for methanethiol,
we targeted the S atom (S). In most cases, we optimized the
model by varying ϵij while keeping Rmin,ij at the value deduced
from the standard combination rules; only for the complexes
with methanethiol, and benzene was it required to override
both ϵij and Rmin,ij.
2.7. Potentials of Mean Force. Umbrella-sampling MD
simulations were used to calculate potentials of mean force
(PMFs) for the interaction of each of the four anions and each
of the neutral and cationic analogues in bulk water (500 H2O
molecules for phenol and indole and 250 H2O molecules for
the other analogues). As reaction coordinate (r) we used the
distance between the anion and the N atoms of NMA,
acetamide, methylamine, imidazole, indole, methylammonium,
and tetramethylammonium; the hydroxyl O atom of methanol,
acetic acid, and phenol; the ring centroid of benzene, and
imidazolium; the S atom of methanethiol; and the C atom of
guanidinium. A harmonic potential of force constant of 10
kcal/mol/Å2 was applied to bias the sampling. The coordinate
r was sampled from 2.0 Å to 9.5 Å (2.0−11.5 Å for phenol and
indole) in 0.5 Å increments, and trajectories of 3.2 ns were
calculated for each increment. The data acquired during the
initial 0.2 ns were discarded. The unbiased PMF was
reconstructed using WHAM;32,49 the radial increase in the
entropy of the solute pairs was taken into account by adding to
the PMF a correction term, 2RT ln(r), where R is the gas
constant.50
2.8. Simulations of CLC-ec1 Transporter. Coordinates
for the CLC-ec1 protein in complex with Cl− ions were
obtained from the Protein Data Bank (entry 1OTS).51 Only
one monomer was considered, with the N-terminal cytoplasmic helix (residue 1−30) truncated, following a previous study
that established the structure of the protein is largely identical
in monomeric and dimeric forms, except the N-terminal
cytoplasmic helix, which is highly ﬂexible and capable of
adopting multiple conformations.52 The N- and C-terminus
were then capped with acetyl and methylamine groups,
respectively. All ionizable residues were set to default state at
pH 7, except for E113, H175, H281, H284 and D417, which
were protonated. The protein was inserted into a preequilibrated POPC bilayer using GRIFFIN.53 The system
also includes a 150 mM NaCl buﬀer and additional Cl− ions to
neutralize the net charge of the protein−ion complex. The
molecular system was equilibrated through a staged protocol
whereby structural restraints on the protein-Cl− are gradually
weakened over 100 ns of simulation time, using NAMD54 and
the CHARMM36m force ﬁeld.55 Following equilibration, two
4-μs trajectories were collected using an Anton2 supercomputer.56 In one trajectory, Cl− was represented using the
generic LJ parameters and the standard Lorentz−Berthelot
combination rules. The other trajectory used the NBFIX
parameters optimized here. The simulation speciﬁcations are
identical otherwise. In particular, we used the Anton
Multigrator scheme with a time step of 2.5 fs and periodicboundary conditions; temperature and pressure were maintained at 310 K and 1 bar, respectively, using a Langevin
thermostat and the (semi-isotropic) Martyna−Tuckerman−
Klein barostat. To ensure that this comparison is a direct probe
of the parameters describing the protein−Cl− interactions, the

3. RESULTS AND DISCUSSION
3.1. Development of Generic Force Field Parameters.
As noted, CHARMM36m includes parameters for Cl− but not
F−, Br−, or I−. Therefore, we ﬁrst set out to evaluate the
existing model for Cl−, and to formulate a set of generic
CHARMM-compatible parameters for F−, Br−, and I−, in
consideration of two types of target data: ﬁrst, ab initio
geometry optimizations of H2O−X− dimers and the corresponding interaction energies (where X− denotes F−, Br−, I−,
or Cl−); and second, hydration free-energy values and ioncoordination numbers measured experimentally.
For all H 2 O−X − dimers, the ab initio geometry
optimizations revealed a transition state (TS) structure 1a
and a stable conformer 1b, which diﬀer in whether two or one
hydrogen bonds form between the anion and H 2 O,
respectively (Figure 1). The corresponding rion···H and rion···O

Figure 1. Optimized gas-phase geometries of the H2O−X− complexes
(illustrated with X− = Cl−). Structure 1a is a TS while 1b is the global
energy minimum. Dotted lines represent hydrogen bonds, and the
dashes indicate equal ion−H distances. The speciﬁc structural features
of each of these complexes are listed in Table 1.

distances, θion···H−O angle and interaction energies calculated
with MP2 theory are reported in Table 1. As expected, as the
size of the ion increases, the distance to H2O increases and the
magnitude of the interaction energy decreases (less negative).
BSSE-corrected interaction energies (ECP, kcal/mol) for
structure 1b are in good agreement with experimentally
measured association enthalpies (Table 1). Interestingly, in
this structure, the hydrogen bond deﬂects from the ideal linear
geometry to a degree that increases with ion size, e.g., θion···H−O
= 173° for F− and 152° for I− (Figure 1).
The existing MM parameters for Cl−, and those proposed
here for F−, Br−, or I− and speciﬁed in Table 2, recapitulate
these features quite well (Table 1). Most of the rion···H and
rion···O values are within 0.15 Å of the ab initio data. For
structure 1b, the MM models result in a slightly larger (∼15°)
deﬂection of the hydrogen bond (i.e., smaller θion···H−O values)
but the trend is the same as in the ab initio geometries, with I−
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QM and QM/MM simulations (5.7 and 6.5 kcal/mol,
−
−
respectively).70 Our calculated ΔGreal
hyd values for F , Cl , and
−
Br are also in very good agreement with values derived using
QM calculations (namely, −104.3 ± 0.7 kcal/mol (ref 71) and
−102 ± 2 kcal/mol (ref 72), −73 ± 2 kcal/mol (ref 72), and
−66 ± 2 kcal/mol (ref 72), respectively); and with those
reported for F− (−105.3 to −108.0 kcal/mol), Cl− (−75.5 to
−78.4 kcal/mol), Br− (−67 to −71.6 kcal/mol), and I− (−60.4
to −63.1 kcal/mol) using polarizable force ﬁelds.26,27,73 More
importantly, the proposed model is a clear improvement over
existing models of the same type (i.e., ﬁxed-charge nonpolarizable),74−76 which, for example, greatly overestimate the
hydration free energy of F−, relative to Cl− (43.1−50.0 kcal/
mol). For comparison, in Table 3, we also report ΔGreal
hyd and
real
for the alkali ions, calculated with the existing
ΔΔGhyd
CHARMM36m parameters. The hydration free energies of
the alkali halides, obtained with eq 4 from combination of the
individual ion hydration free energies of cations and anions, are
reported in Table 4; these values are also in good agreement
with experimental results.
Lastly, to examine the diﬀerences in solvent structure
underlying the relative hydration free-energies reported in
Table 3, we analyzed, for each ion, the radial distribution
functions (RDFs) gion−O(r) and gion−H(r), computed with 100
ns MD trajectories. These RDFs are shown in Figure 2, and
their main features are summarized in Table S1 in the
Supporting Information. The gion−O(r) functions exhibit a
sharp peak reﬂecting the ﬁrst hydration shell; as the size of the
ion increases, the height of this peak decreases and its position
shifts to larger distance values, as does the position of the
subsequent minimum, indicating a greater degree of ﬂexibility
of the ﬁrst hydration shell. Integrating the RDFs up to this ﬁrst
minimum results in coordination numbers (CNs) of 6.7, 7.7,
8.0, and 8.7 for F−, Cl−, Br−, and I−, respectively, in good
agreement with experimental values and with more costly
models (Table 5). The gion−H(r) functions show a ﬁrst peak
with similar characteristics to those of the gion−O(r) functions.
Integration up the ﬁrst minimum results in 6.7, 7.3, 7.3, and 7.6
hydrogen atoms for F−, Cl−, Br−, and I−, respectively. It is
interesting to note that, for Cl−, Br−, and I−, these CN values
are smaller than those derived from the gion−O(r) function,
revealing that a fraction of the H2O molecules in the ﬁrst
hydration shell do not hydrogen-bond with the ion (speciﬁcally
an average of 0.4, 0.7, and 1.1 H2O molecules, respectively).

Table 2. Generic CHARMM36m-Compatible Force Field
Parameters for F−, Cl−, Br−, and I−
Value
parameter

F−

Cl−a

Br−

I−

q (e)
ε (kcal/mol)
Rmin/2 (Å)

−1.0
−0.040
1.915

−1.0
−0.15
2.270

−1.0
−0.22
2.390

−1.0
−0.35
2.620

Article

a
Existing parameters in the CHARMM36m force ﬁeld. The models
developed for F−, Br−, and I− similarly consist of a single site with a
charge qi = −1 and Lennard-Jones (LJ) parameters Rmin,x/2 and ε.
The LJ parameters were optimized to yield relative hydration free
energies in good agreement with experimental values (see Table 3).

showing the largest deﬂection and F− the smallest. The EMM
interaction energies also follow the same trends as the ab initio
BSSE-corrected ECP values, with the 1b conﬁguration being
more favorable than 1a, for all anions, while the magnitude of
the interaction diminishes as the ion size increases.
As mentioned, we also considered, as target data, hydration
free energies determined experimentally, denoted as ΔGexpt
hyd .
For ions in general, however, ΔGexpt
hyd values will vary greatly for
diﬀerent experimental approaches; for the halide ions in
particular, this variation is up to ∼20 kcal/mol, as indicated in
Table 3. Fortunately, though, relative hydration free energies
measured similarly, or ΔΔGexpt
hyd , are much more consistent,
diﬀering by ∼3 kcal/mol or less for the halide anions.
Calibrations of molecular models thus typically target the
relative hydration free energies of the ions, which we denote as
26,27,33
ΔΔGreal
As
hyd (Methods), rather than absolute values.
shown in Table 3, our generic MM parameters yields ΔΔGreal
hyd
values in good agreement with experiment, while the calculated
61−69
ΔGreal
hyd values also fall within the experimental range.
Table 3 also reports the electrostatic, dispersive, and repulsive
components to the hydration free energy (i.e., ΔGelec, ΔGdisp,
and ΔGrep, respectively. As expected, both electrostatic and
dispersive components favor hydration, while the opposite is
true for the repulsive term; and while the magnitude of ΔGelec
increases with diminishing ion size, the opposite is true for
ΔGdisp and ΔGrep.
Our generic MM parameters also fare well when compared
with more computationally costly models. For example, the
diﬀerence in the hydration free energies of Cl− and Br− (6.3
kcal/mol) closely reproduces values reported recently using

Table 3. Intrinsic, Real, and Relative Hydration Free Energies of the Halide and Alkali Ions, Computed and Experimentally
Measured
ion

ΔGelec
(kcal/mol)

ΔGdisp
(kcal/mol)

ΔGrep
(kcal/mol)

a
ΔGintr
hyd
(kcal/mol)

b
ΔGreal
hyd
(kcal/mol)

c
ΔGexpt
hyd
(kcal/mol)

d
ΔΔGreal
hyd
(kcal/mol)

c
ΔΔGexpt
hyd
(kcal/mol)

F−
Cl−
Br−
I−
Li+
Na+
K+
Rb+
Cs+

−124.1
−95.8
−89.1
−79.7
−114.6
−91.6
−73.7
−67.2
−60.8

−1.5
−3.7
−4.9
−7.2
−0.2
−1.0
−1.9
−2.7
−3.6

5.0
7.3
8.0
9.7
2.0
3.1
4.5
5.4
6.5

−120.6
−92.2
−86.0
−77.2
−112.8
−89.5
−71.1
−64.5
−58.0

−107.2
−78.8
−72.6
−63.8
−122.4
−99.1
−80.7
−74.1
−67.6

−99.1 to −121.6
−70.7 to −91.0
−64.9 to −84.6
−57.2 to −76.2
−113.8 to −128.4
−88.7 to −103.2
−71.2 to −86.0
−66.0 to −80.6
−60.5 to −75.1

29.1
6.3
8.7

28.0 to 30.6
3.3 to 6.5
7.7 to 11.1

23.3
18.4
6.6
6.5

23.9
17.0
5.1
5.5

to
to
to
to

27.5
17.6
5.6
7.7

intr
real
Calculated with eq 2. bCalculated with eq 3; that is, for monovalent anions, ΔGreal
hyd (kcal/mol) = ΔGhyd + 13.4 and for monovalent cations, ΔGhyd
c
intr
(kcal/mol) = ΔGhyd + 9.6. Absolute hydration free energies from refs 61−69 after conversion, when necessary, to the standard state (1 atm, 1 M).
d
Calculated using thermodynamic integration (TI) simulations, transforming F− to Cl−, Cl− to Br−, Br− to I−, Li+ to Na+, Na+ to K+, K+ to Rb+, and
Rb+ to Cs+.
a
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Table 4. Calculated (and Experimental) Hydration Free Energy of the Alkali Halidesa
Hydration Free Energy (kcal/mol)
Li+
F−
Cl−
Br−
I−

−229.6
−201.2
−195.0
−186.2

(−229.0)
(−199.3)
(−192.9)
(−183.9)

Na+
−206.3
−177.9
−171.7
−162.9

(−203.8)
(−174.0)
(−167.6)
(−158.7)

K+
−187.9
−159.5
−153.3
−144.5

(−186.6)
(−156.8)
(−150.4)
(−141.5)

Rb+
−181.3
−152.9
−146.7
−137.9

Cs+

(−181.2)
(−151.4)
(−145.0)
(−136.1)

−174.8
−146.4
−140.2
−131.4

(−173.8)
(−144.0)
(−137.6)
(−128.7)

a

Experimental hydration free energies (in kcal/mol) for LiX, NaX, KX, and RbX are from ref 65 and for CsX are from ref 63.

Table 5. Calculated and Experimental Hydration Numbers
for the Halide Ions
Hydration Number
this work
experiment
polarizable MM
QM
QM/MM
nonpolarizable MM

F−

Cl−

Br−

I−

6.7
6.9a
5.1−6.7e
4.9−5.0i
5.7m
6.0−6.9o

7.7
5.3−7.3b
6.0−8.4f
5.5−6.5j
5.9−6.6n
7.0−7.6p

8.0
6.3−8.9c
6.6−9.0g
5.6−6.5k
−
7.2−7.7q

8.7
6.7−9.1d
6.7−9.2h
6.6−8.5l
−
7.3−9.7r

a

Data taken from ref 77. bData taken from refs 77−83. cData taken
from refs 77, 79, 80, and 83−86. dData taken from refs 77, 79, 83, and
84. eData taken from refs 26, 27, and 87−92. fData taken from refs 26,
27, 88, and 90−93. gData taken from refs 26, 27, 87, 91, and 92.
h
Data taken from refs 26, 27, 87, and 92. iData taken from refs 15 and
94. jData taken from refs 14, 70, and 94−96. kData taken from refs 70,
94, 97. lData taken from refs 16, 94, and 98. mData taken from ref 90.
n
Data taken from refs 70 and 90. oData taken from refs 88, 90, and
99−103. pData taken from refs 88, 90, 93, and 99−103. qData taken
from refs 99−103. rData taken from refs 99−103.

used in biomolecular simulations, either to set the ionic
strength of the buﬀer or as the substrate of interest, e.g., in ionchannel studies. Overbinding of these anion−cation pairs
would result in artifactual aggregation or even crystallization of
the salts below their solubility limit.104,105 While strong
interactions such as these are challenging to model with a
ﬁxed-charge nonpolarizable energy function, the task is
facilitated in this case by the availability of experimental data,
namely, osmotic coeﬃcients for concentrated aqueous
solutions (up to 5 m). These type of data are useful because
osmotic pressures reﬂect the degree of anion−cation
association in solution, which can be quantiﬁed by MD
simulation (Methods).35,36 Speciﬁcally, the stronger the
interaction, the lower the osmotic pressure at a given salt
concentration.
The black line in Figure 3 shows osmotic pressures for
aqueous solutions of the alkali-halide salts at 0.5, 1.0, 3.0, and
5.0 m, derived with eq 8 from experimentally measured
osmotic coeﬃcients (numerical values are given in Tables S2−
S6 in the Supporting Information).106 Except for LiF, which is
barely soluble in water,107 data are available for the other 19
salts. The red line in Figure 3 also shows osmotic pressures
calculated with the generic LJ parameters described above
(Table 2), combined using the standard Lorentz−Berthelot
rules. It can be observed that, while these parameters correctly
reproduce the osmotic pressures of the most diluted solution
(0.5 m), signiﬁcant deviations from experiment become
apparent as the concentration increases, reﬂecting errors in
the magnitude of the cation−anion interaction. Speciﬁcally,
osmotic pressures for solutions of LiCl, LiBr, NaF, NaCl, KF,
KCl, KBr, RbF, and CsF are systematically underestimated,

Figure 2. Solvation-shell structure for each of the halide ions in liquid
water, from radial distribution functions gion−O(r) (red) and gion−H(r)
(black) for (A) F−, (B) Cl−, (C) Br−, and (D) I−. These data are
based on MD simulations using the parameters in Table 2 and the
TIP3P water model in CHARMM36m, for a system of 250 water
molecules at T = 298.15 K and p = 1 atm.

Only for F− do all H2O molecules in the ﬁrst shell form
concurrent hydrogen bonds with the ion, contributing to
explain its disproportionally larger hydration free energy.
3.2. Parameters for Complexes of F−, Cl−, Br−, I− with
Alkali Ions. Having formulated a set of generic Lennard-Jones
(LJ) parameters for the hydrated state, we next evaluated the
transferability of these parameters to describe the interactions
between the halide anions and the alkali cations, i.e., Li+, Na+,
K+, Rb+, and Cs+. Among these, K+ and Na+ are frequently
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Figure 3. Experimental and calculated osmotic pressures of aqueous solutions of alkali halides, as a function of the molal concentration. One
speciﬁc ion pair is considered in each plot, as indicated. Values derived from experimentally measured osmotic coeﬃcients (eq 8) are shown in
black.106 Values calculated with the CHARMM36m force ﬁeld and generic LJ parameters are shown in red; corrected values calculated with the
NBFIX pair-speciﬁc parameters reported in Table 6 are shown in blue. Osmotic pressures calculated with NBFIX parameters previously reported
for LiCl,108 KCl,47 and RbCl41 are shown in orange.

LiI, NaBr, and RbCl did we ﬁnd that no NBFIX corrections
were required, as noted previously by Savelyev and
MacKerell;108 however, we found that the corrections reported
by Yoo and Aksimentiev for KCl47 and RbCl41 solutions
overestimate osmotic pressures for these solutions, particularly
at larger concentrations. We also diverge from reports that no
NBFIX is required to model LiCl47 and CsCl solutions,41 as
our data clearly show that generic LJ parameters result in
osmotic pressures that are too small and too large, respectively.
Indeed, we ﬁnd that corrections previously reported for LiCl108

indicating these ionic interactions are too strong, while the
opposite is observed for NaI, KI, RbBr, RbI, CsCl, CsBr, CsI.
However, as shown by Luo and Roux for solutions of NaCl
and KCl,35 the correlation between experimental and
calculated pressures can be greatly improved by overriding
the generic LJ parameters with pair-speciﬁc values, referred to
as NBFIX (Methods). Following this approach, we calibrated
NBFIX parameters for the other 17 salts (see Table 6). As
shown in the blue line in Figure 3, these corrections indeed
result in excellent agreement with experimental data, across a
broad range in concentrations, for all salts considered. Only for
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for concentrations up to 0.25 m, and are therefore not useful
here).112 Thus, we used the available measurements as target
data whenever possible, and inferred the target data based on
cross-consistency otherwise.
The existing experimental measurements are contrasted with
calculated osmotic pressures for 0.5, 1.0, 3.0, and 5.0 m
aqueous solutions of the 16 salts in Figure 4 (numerical values
are given in Tables S8−S11 in the Supporting Information). As
observed for the alkali halides, the use of generic LJ parameters
and standard combination rules leads to erroneous results for
all complexes, even qualitatively speaking. The experimental
trend, for a given cation and concentration, is that the osmotic
pressures decrease as the anion increases in size (from F− to
I−), because the aﬃnity of the halide ion for water decreases in
the same direction, thus fostering ion pairing and, hence, a
lower osmotic pressure (black line in Figure 4). Speciﬁcally,
measured osmotic pressures show a sharp decline from F− to
Cl−, followed by a more gradual decline from Cl− to Br− to I−,
which matches precisely the trend in the hydration free
energies of the anions (Table 3). However, this trend is
reversed for guanidinium, methylammonium, and imidazolium
when generic LJ parameters are used in the simulation (red
line in Figure 4). The trend for tetramethylammonium is
correct, but the osmotic pressures are signiﬁcantly overestimated in all cases, reﬂecting insuﬃcient association. For
Cl− speciﬁcally, all three interactions characterized experimentally are underestimated. Potential-of-mean-force (PMF)
proﬁles calculated in each case for single anion−cation pairs in
solution (Figure 5 and Table S12 in the Supporting
Information) independently underscore the inadequacies
revealed by the osmotic pressure data.
As for the alkali halides, however, excellent agreement with
experiment can be again achieved by optimizing pair-speciﬁc
parameters (blue line in Figure 4). These NBFIX parameters
are provided in Table 7, and the corresponding PMF proﬁles in
Figure 5. Interaction energies and contact distances for the
global energy-minimum conformers of these complexes (in the
gas phase) are also shown in Table S13 in the Supporting
Information and compared with uncorrected values. As can be
inferred from these data, the eﬀect of these corrections is
substantial, structurally and energetically. For guanidinium, for
example, the NBFIX parameters strengthen the gas-phase
interaction by 1.5, 2.7, and 4.5 kcal/mol for Cl−, Br−, and I−,
respectively, but diminish it by 6.6 kcal/mol for F−; these
changes are clearly manifested in the PMF proﬁles in solution
(Figure 5). Interestingly, this trend appears to correlate with
the diﬀerences in atomic polarizability of the ions, which the
NBFIX corrections partially emulate. This insight was helpful
to formulate NBFIX parameters for the two complexes that
feature the same type of interaction (direct contact with an
NH bond dipole) and for which no experimental data are
available, i.e., F−, Br−, and I− with methylammonium, and of all
anions with imidazolium. Speciﬁcally, we assumed the abovementioned energy diﬀerentials to be transferable, which, as
shown in Figure 4 (and Tables S8−S11), results in trends in
the osmotic pressures that recapitulate those in the measured
data, i.e., diminishing values with increasing anion size, for a
given concentration, and larger diﬀerences between F− and Cl−
than otherwise. Further validation of this assumption is that it
yields osmotic pressures for methylammonium chloride in
excellent agreement with experiment (Figure 4). For
tetramethylammonium iodide, therefore, we simply extrapolated the trend in the measured osmotic pressure data (for

Table 6. Optimized Pair-Speciﬁc LJ Parameters for
Interactions between Halide Anions and Alkali Cations
NBFIXb
a

ϵMX (kcal/mol)

Rmin,MX (Å)

ion

atom-type pair (MX)

F−

FLA-LIT
FLA-SOD
FLA-POT
FLA-RUB
FLA-CES

−0.032
−0.069
−0.090
−0.100
−0.120

3.2125
3.32575
3.67875
3.8150
4.015

Cl−

CLA-LIT
CLA-SOD
CLA-POT
CLA-RUB
CLA-CES

−0.046
−0.083875
−0.114236
−
−0.140

3.5675
3.7310
4.0810
−
4.370

Br−

BRA-LIT
BRA-SOD
BRA-POT
BRA-RUB
BRA-CES

−0.048
−
−0.148
−0.176
−0.168

3.6875
−
4.15375
4.290
4.490

I−

IOD-LIT
IOD-SOD
IOD-POT
IOD-RUB
IOD-CES

−
−0.087
−0.155
−0.192
−0.180

−
4.03075
4.38375
4.520
4.720

Article

a
Atom-type nomenclature used in CHARMM36m. bThe NBFIX
parameters for NaCl and KCl are reproduced from ref 35. Note that
no NBFIX parameters were required for LiI, NaBr, or RbCl.

require further adjustment to reproduce the experimental trend
(Figure 3).
The NBFIX parameters correct the osmotic pressures by
increasing or decreasing the degree of association of the ions.
This eﬀect is evident from inspection of RDFs calculated for
each of the M+X− ion pairs with either the generic or
optimized force ﬁeld, shown in Figure S1 in the Supporting
Information, and from comparison of calculated gas-phase
interaction energies (Table S7 in the Supporting Information).
This comparison was also helpful for the derivation of
parameters for LiF, for which, as mentioned, no osmotic
pressure measurements appear to be available. Speciﬁcally, we
noted that, when comparing F− and Cl− complexes, the trend
is that the ratio between the corrected and generic interaction
energies (EMM,opt/EMM) increases by 2%−3% (see Table S7).
Accordingly, we set the NBFIX parameters for LiF so that this
ratio (0.9) is 2.5% smaller than for LiCl (0.925).
3.3. Parameters for Complexes of F−, Cl−, Br−, I− with
Charged Protein and Lipid Analogues. We next examined
the interaction of the halide ions with analogues of the charged
groups commonly found in proteins and lipids, namely,
methylammonium (lysine), tetramethylammonium (choline),
guanidinium (arginine), and imidazolium (histidine). As for
the alkali ions, experimental data reporting on the aﬃnity of
several of these ionic pairs is available in the form of osmotic
coeﬃcients for concentrated solutions. Speciﬁcally, such
measurements have been reported for methylammonium
chloride109 and the four guanidinium110,111 and tetramethylammonium112,113 halides, but not for any of the imidazolium
salts, or the other methylammonium halides, to our knowledge.
(For tetramethylammonium iodide, measurements exist only
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Figure 4. Osmotic pressures of aqueous solutions of guanidinium (ﬁrst row), tetramethylammonium (second row), methylammonium (third row),
and imidazolium (last row) halides, as a function of the molal concentration. Values derived from experimentally measured osmotic coeﬃcients (eq
8) are shown in black.109−113 Values calculated with the CHARMM36m force ﬁeld and generic LJ parameters are shown in red; corrected values
calculated with the NBFIX pair-speciﬁc parameters are shown in blue.

example, at 5 m, we assumed 120 bar for I−, based on
measurements of 400, 190, and 140 bar for F−, Cl−, and Br−,
respectively).
3.4. Parameters for Complexes of F−, Cl−, Br−, I− with
Neutral Protein and Lipid Analogues. To complete this
calibration of a CHARMM-compatible parameter set for the
halide ions, we evaluated how to best represent their
interactions with polar and aromatic groups commonly found
in proteins and lipids. This task is not straightforward,
however, because, to our knowledge, no systematic experimental datasets exist that may be used cross-consistently as a
reference. Anion binding aﬃnities have been measured only for
few proteins, and an accurate calculation of these aﬃnities
requires knowledge of the bound- and apo-state structures and
site occupancies, which are not generally available. Moreover,
errors in calculated aﬃnities might reﬂect shortcomings
unrelated to force ﬁeld accuracy, such as under sampling of
conﬁgurational dynamics. In this situation, a common recourse
is to turn to QM methods; here, that means to systematically
examine a collection of isolated anion-analogue complexes, and
to use an ab initio energy function to produce target datasets
for the geometry and interaction energy of the most probable
conformers.

However, it is not immediately evident what the
stoichiometry of these complexes should be or what ab initio
energy function is most appropriate. This problem is illustrated
in Figure S3 in the Supporting Information, for the cationic
analogues examined in the previous section. Speciﬁcally, we
evaluated complexes of each halide ion with either one, two, or
three analogues, and compared in each case ab initio
interaction energies for the optimized geometry (ECP) with
analogous values calculated with CHARMM36m after
incorporating the NBFIX corrections calibrated against
experimental data (EMM,opt). For three diﬀerent ab initio
energy functions, namely, MP2/6-311++G(d,p), B2PLYPD/6311++G(d,p) and M062X/6-311++G(d,p), this analysis
clearly shows that complexes of one ion and one analogue
produce ECP interaction energies that greatly exceed (in
magnitude) the values deduced from experiment (Figure S3),
and are therefore not adequate as a reference. If these
complexes were used to generate target data, the ultimate
result would be nondissociative anion−cation complexes in
solution (not shown). The reason is, most probably, that, in
the gas phase, these binary complexes are overly stabilized by
polarization and charge induction eﬀects, which would be
signiﬁcantly diminished in solution when both ions are
coordinated by multiple interaction partners, with competing
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Figure 5. Potentials of mean force (PMF) governing the association of the halide anions with guanidinium, tetramethylammonium,
methylammonium, and imidazolium, from umbrella-sampling MD simulations for single ion−analogue pairs in water (Methods). Data are shown
for calculations with the CHARMM36m force ﬁeld, and either generic LJ parameters (black) or with NBFIX pair-speciﬁc parameters (red).

eﬀects.33,34,114 Consistent with this notion, much better
agreement with experiment can be observed when multiple
ligands are considered; using MP2-level calculations, three
analogues appear most appropriate in the case of F−, while two
analogues are best for Cl−, Br−, and I− (see Figure S3).
Informed by these results, the ab initio target dataset we
used to evaluate the interactions between the halide ions and
neutral protein/lipid analogues derives from a series of
complexes that include the ion, one analogue, and additionally
either one (for Cl−, Br−, I−) or two (for F−) molecules of
NMA, representing the protein backbone. (The backbone NH
bond is the most frequent ligand for di and tricoordinated Cl−
ions in known protein structures.115 ) Speciﬁcally, the
analogues included in this analysis are acetamide (Gln/Asn),
methylamine (neutral Lys), methanol (Ser/Thr), ethylene
glycol (glycolipids), acetic acid (neutral Asp/Glu), methanethiol (Cys), benzene (Phe), phenol (Tyr), indole (Trp), and
imidazole (neutral His).
Optimized global energy-minimum structures of the
quaternary F− complexes are shown in Figure 6; the
corresponding interaction energies and contact distances are
given in Table 8. The results can be straightforwardly

rationalized in terms of the diﬀerent chemical character of
the ligands. For example, the larger polarity of the OH bond,
compared to NH, implies the gas-phase interaction energy for
the methanol−F− complex (6e) is ∼7 kcal/mol stronger than
for the methylamine−F− complex (6d). The depletion of the
electron density of N in indole and imidazole increases the
polarity of the N−H bond, which explains the similar stability
of structures 6j, 6k, and 6l. Interestingly, the interaction energy
for methanethiol−F− (6h) is ∼2 kcal/mol stronger than that of
6d, likely a result of the induced dipole on the very polarizable
S atom compensating for the low polarity of the SH bond. The
increased acidity of the NH bonds due to the carbonyl group
in NMA and acetamide explains why complexes 6a and 6c are
∼11 kcal/mol more stable than complex 6d. Note that the
acetic acid−F− complex (6g) is ∼8 kcal/mol more stable than
the methanol−F− complex (6e), which can be attributed to the
increased polarity of the OH bond, because of the inductive
eﬀect of the carbonyl group. F− binds the edge of aromatic
rings in a monodentate fashion (6i). Repulsive interaction
between F− and the ring π-electrons makes the en-face binding
conformation unfavorable. Lastly, NBO analysis shows that F−
transfer 0.15−0.21 e of its charge to the interacting ligands; the
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largest degree of charge transfer occurs for acetic acid, indole,
and imidazole (Table 8).
Ab-initio-optimized global energy-minimum geometries for
the ternary complexes of Cl−, Br−, and I− are given in Figure 7;
the corresponding interaction energies and structural features
are reported in Tables 9−11. These complexes recapitulate
many of the features discussed above for F−. For example, for
any given ion, structures 7a and 7c are similarly stable, and
both more stable than 7d; structure 7d is less stable than 7e
and 7h; and structures 7j, 7k, and 7l are comparable in
stability. However, compared to the monodentate binding
mode of F−, benzene binds Cl−, Br−, and I− in a bidentate
fashion in the global-minimum conformation (7i). When
comparing ions, larger size translates to greater ion-ligand
separation and a decrease in the magnitude of the interaction
energy, as can be expected. As noticed for the F− complexes,
the largest degree of charge transfer occurs for complexes that
involve acetic acid, imidazole, and indole. It is also seen that,
for a given complex, the extent of charge transfer decreases as
the ion size increases. For example, in complex 7a, 0.16, 0.14,
and 0.12 e are transferred from Cl−, Br−, and I−, respectively,
to the two NMA molecules.
For all the ion complexes with neutral analogs examined
above with MP2-level ab initio geometry optimizations and
energy calculations, Tables 8−11 also list analogous data
obtained instead with the CHARMM36m force ﬁeld, for the
generic LJ parameters for F−, Br−, and I− reported here and
those existing for Cl−. As observed for the alkali ions and the

Table 7. Optimized Pair-Speciﬁc LJ Parameters for
Interactions between Halide Ions and Cationic Groups in
Proteins and Lipids
NBFIX
ion

atom-type pair (xi)

ϵxi (kcal/mol)

Rmin,xi (Å)

F−

FLA-HL
FLA-CTL5
FLA-NH3/NH3L
FLA-NC2
FLA-NR3

−0.015
−0.001
−0.185
−0.163
−0.195

2.615
3.975
3.765
3.765
3.765

Cl−

CLA-CTL5
CLA-NH3/NH3L
CLA-NC2
CLA-NR3

−0.002
−0.142
−0.142
−0.135

4.330
4.120
4.120
4.120

Br−

BRA-CTL5
BRA-NH3/NH3L
BRA-NC2
BRA-NR3

−0.005
−0.135
−0.141
−0.120

4.450
4.240
4.240
4.240

I−

IOD-CTL5
IOD-NH3/NH3L
IOD-NC2
IOD-NR3

−0.022
−0.120
−0.116
−0.090

4.680
4.470
4.470
4.470

a

Article

a

Atom-type nomenclature used in CHARMM36m.

Figure 6. Ab-initio optimized, global energy-minimum structures of quaternary complexes of F−, two molecules of NMA and an additional ligand
L, for L = NMA (6a), water (6b), acetamide (6c), methylamine (6d), methanol (6e), ethylene glycol (6f), acetic acid (6g), methanethiol (6h),
benzene (6i), phenol (6j), indole (6k), and imidazole (6l). For all complexes, the distance between the atoms connected with dotted lines is
indicated (in Å). Atom color code: H (white), C (gray), N (blue), O (red), F− (cyan), and S (yellow). Calculated with MP2/6-311++G(d,p).
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Table 8. Interaction Energies and Distances and Remaining Ionic Charge for Global Energy-Minimum Structures of
Quaternary Complexes of F− and Neutral Protein/Lipid Analoguesa
MP2/6-311++G(d,p)

Generic FF

Optimized FF

ligand (structure)

E

ECP

F− charge

rNMA

rL

EMM

rNMA

rL

EMM,opt

rNMA

rL

NMA (6a)
H2O (6b)
acetamide (6c)
methylamine(6d)
methanol (6e)
ethylene glycol (6f)
acetic acid (6g)
methanethiol (6h)
benzene (6i)
phenol (6j)
indole (6k)
imidazole (6l)

−81.6
−81.4
−81.2
−76.3
−83.2
−97.2
−92.5
−80.3
−77.9
−93.3
−94.7
−93.2

−77.0
−71.2
−76.8
−65.9
−72.7
−85.2
−80.4
−67.7
−65.0
−79.3
−79.9
−81.6

−0.83
−0.84
−0.83
−0.84
−0.83
−0.82
−0.79
−0.82
−0.85
−0.82
−0.81
−0.81

2.65
2.64
2.65
2.62
2.64
2.70
2.70
2.63
2.61
2.68
2.73
2.69

2.65
2.61
2.66
2.88
2.59
2.62
2.40
3.07
4.66
2.49
2.53
2.53

−69.4
−66.2
−68.8
−56.0
−65.7
−80.7
−68.9
−56.7
−52.6
−70.6
−66.6
−69.9

2.73
2.74
2.73
2.73
2.73
2.74
2.74
2.73
2.73
2.74
2.74
2.73

2.73
2.61
2.74
2.86
2.64
2.63
2.58
3.23
5.21
2.62
2.71
2.70

−77.1
−71.2
−76.2
−62.5
−70.6
−84.7
−73.2
−65.0
−61.5
−78.6
−73.3
−76.7

2.59
2.60
2.59
2.59
2.59
2.60
2.60
2.59
2.59
2.60
2.60
2.60

2.59
2.61
2.61
2.68
2.66
2.66
2.60
3.17
4.54
2.65
2.63
2.62

a MM
E
and EMM,opt are interaction energies (in kcal/mol), calculated with CHARMM36m using generic LJ parameters or with optimized pairspeciﬁc NBFIX corrections, respectively. rNMA refers to the average distance (in Å) between F− and the N atom of the two NMA molecules and rL
refers to the distance (in Å) between F− and the O atom of methanol, ethylene glycol, acetic acid, and phenol, the S atom of methanethiol, the ring
centroid of benzene, and the nearest N atom of the other ligands.

Figure 7. Ab-initio-optimized, global energy-minimum structures of Cl−, one molecule of NMA and an additional ligand L, for L = NMA (7a),
water (7b), acetamide (7c), methylamine (7d), methanol (7e), ethylene glycol (7f), acetic acid (7g), methanethiol (7h), benzene (7i), phenol
(7j), indole (7k), and imidazole (7l). Analogous conﬁgurations were optimized for Br− and I−. For each complex, the distance between the atoms
connected with dotted lines is indicated, in Å (black for Cl−, red for Br−, and blue for I−). Atom color code: H (white), C (gray), N (blue), O
(red), S (yellow), Cl− (green). These geometry optimizations were calculated with MP2/6-311++G(d,p). For Cl− only, alternative geometries
optimized with B2PLYPD/6-311++G(d,p) and M062X/6-311++G(d,p) are shown in Figure S3. Both basis sets yield comparable geometries, with
only slightly larger hydrogen bonds, compared to those obtained with MP2 calculations.

cationic analogues, it is apparent that combination of these LJ
parameters with those of the ligands via the Lorentz−Berthelot
rules results in very signiﬁcant deviations from the target data
(Figure 8). In particular, the generic models underestimate the
gas-phase interaction energies for the F−, Cl−, Br−, and I−

complexes by 9.2, 4.0, 3.1, and 3.7 kcal/mol, respectively−or
an error of 12.4%, 11.3%, 9.5%, and 12.5%. These errors, which
are also manifested in the geometries of the energy-minimized
conformers (Figure 8), again appear to be caused by the
limited transferability of a ﬁxed-charge model (Tables 8−11).
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Table 9. Interaction Energies and Distances and Remaining Ionic Charge for Global Energy-Minimum Structures of Ternary
Complexes of Cl− and Neutral Protein/Lipid Analoguesa
MP2/6-311++G(d,p)b
ligand (structure)

E

NMA (7a)
H2O (7b)
acetamide (7c)
methylamine(7d)
methanol (7e)
ethylene glycol (7f)
acetic acid (7g)
methanethiol (7h)
benzene (7i)
phenol (7j)
indole (7k)
imidazole (7l)

−49.0
−39.6
−46.5
−36.4
−41.7
−53.3
−46.0
−39.4
−37.5
−52.0
−52.9
−51.6

E

CP

−38.5
−32.5
−37.7
−28.0
−32.8
−42.1
−37.5
−29.4
−26.9
−39.7
−40.2
−41.1

Generic FF

Optimized FF

Cl− charge

rNMA

rL

EMM

rNMA

rL

EMM,opt

rNMA

rL

−0.84
−0.88
−0.86
−0.89
−0.86
−0.83
−0.82
−0.86
−0.89
−0.83
−0.83
−0.83

3.15
3.18
3.14
3.11
3.13
3.19
3.16
3.11
3.13
3.19
3.23
3.19

3.15
3.11
3.19
3.40
3.11
3.13
2.96
3.64
4.64
3.01
3.04
3.06

−35.8
−31.8
−35.1
−24.7
−30.8
−40.1
−31.8
−25.1
−21.5
−34.4
−32.1
−35.6

3.23
3.23
3.23
3.22
3.23
3.24
3.24
3.22
3.23
3.24
3.24
3.23

3.23
3.10
3.23
3.41
3.15
3.12
3.06
3.72
5.13
3.13
3.21
3.18

−38.5
−33.1
−37.8
−26.7
−33.3
−44.1
−35.0
−28.3
−24.9
−38.8
−35.8
−39.5

3.08
3.08
3.08
3.07
3.08
3.09
3.09
3.07
3.08
3.09
3.09
3.08

3.08
3.10
3.08
3.22
3.02
3.00
2.94
3.65
4.82
2.99
3.02
2.97

a MM
E and EMM,opt, rNMA and rL are deﬁned as in Table 8. bFor completeness, E and ECP calculated with B2PLYPD/6-311++G(d,p) and M062X/6311++G(d,p) are given in Table S14 in the Supporting Information. The two methods result in 1.7 to 3.6 and 4 to 7.5 kcal/mol larger interaction
energies compared to those from MP2/6-311++G(d,p) calculations.

Table 10. Interaction Energies and Distances and Remaining Ionic Charge for Global Energy-Minimum Structures of Ternary
Complexes of Br− and Neutral Protein/Lipid Analoguesa
MP2/6-311++G(d,p)
ligand (structure)

E

NMA (7a)
H2O (7b)
acetamide (7c)
methylamine(7d)
methanol (7e)
ethylene glycol (7f)
acetic acid (7g)
methanethiol (7h)
benzene (7i)
phenol (7j)
indole (7k)
imidazole (7l)

−43.6
−34.7
−41.6
−32.2
−36.9
−47.2
−41.1
−35.1
−33.7
−46.1
−47.2
−45.8

a MM

E

E

CP

−35.3
−29.4
−34.4
−25.6
−29.9
−38.4
−32.6
−26.8
−24.8
−36.1
−36.8
−37.5

−

Generic FF

Br charge

rNMA

rL

−0.86
−0.90
−0.88
−0.90
−0.88
−0.86
−0.85
−0.87
−0.91
−0.86
−0.85
−0.85

3.35
3.39
3.33
3.32
3.33
3.38
3.36
3.31
3.35
3.40
3.45
3.40

3.35
3.32
3.41
3.59
3.33
3.33
3.18
3.84
4.82
3.23
3.24
3.26

E

MM

−33.4
−29.3
−32.4
−23.0
−28.4
−36.6
−29.5
−23.5
−20.3
−31.7
−29.8
−33.1

Optimized FF

rNMA

rL

3.39
3.40
3.39
3.38
3.40
3.40
3.41
3.39
3.40
3.41
3.41
3.40

3.39
3.26
3.39
3.59
3.33
3.29
3.24
3.89
5.26
3.31
3.37
3.34

MM,opt

rNMA

rL

−35.3
−30.2
−34.4
−24.4
−30.5
−40.3
−32.3
−25.8
−22.9
−35.3
−32.4
−35.9

3.26
3.27
3.26
3.25
3.27
3.27
3.28
3.25
3.27
3.27
3.28
3.27

3.26
3.26
3.25
3.41
3.16
3.13
3.06
3.73
5.00
3.13
3.21
3.14

E

and EMM,opt, rNMA and rL are deﬁned as in Table 8.

Table 11. Interaction Energies and Distances and Remaining Ionic Charge for Global Energy-Minimum Structures of Ternary
Complexes of I− and Neutral Protein/Lipid Analoguesa
MP2b
ligand (structure)

E

NMA (7a)
H2O (7b)
acetamide (7c)
methylamine(7d)
methanol (7e)
ethylene glycol (7f)
acetic acid (7g)
methanethiol (7h)
benzene (7i)
phenol (7j)
indole (7k)
imidazole (7l)

−37.6
−29.4
−35.9
−27.2
−31.1
−40.0
−32.1
−30.4
−29.3
−39.6
−40.8
−39.4

a MM

E

E

CP

−32.6
−26.7
−31.6
−23.6
−27.3
−34.9
−28.9
−25.0
−23.2
−32.9
−33.7
−34.4

Generic FF

Optimized FF

I− charge

rNMA

rL

EMM

rNMA

rL

EMM,opt

rNMA

rL

−0.88
−0.92
−0.89
−0.92
−0.90
−0.88
−0.88
−0.89
−0.92
−0.88
−0.87
−0.87

3.58
3.65
3.60
3.56
3.57
3.61
3.64
3.55
3.60
3.64
3.70
3.60

3.58
3.56
3.64
3.85
3.56
3.56
3.42
4.07
5.02
3.47
3.49
3.51

−29.9
−25.6
−29.2
−20.7
−24.9
−31.3
−25.0
−21.3
−18.7
−27.9
−26.7
−29.4

3.68
3.69
3.68
3.66
3.67
3.69
3.69
3.67
3.69
3.70
3.71
3.69

3.68
3.54
3.68
3.90
3.63
3.58
3.52
4.18
5.49
3.62
3.65
3.61

−32.6
−26.9
−31.7
−22.4
−27.5
−35.8
−28.5
−23.9
−21.3
−32.0
−29.5
−32.6

3.45
3.45
3.45
3.44
3.44
3.46
3.46
3.44
3.46
3.46
3.47
3.45

3.45
3.55
3.47
3.66
3.33
3.36
3.26
3.97
5.22
3.34
3.45
3.36

and EMM,opt, rNMA and rL are deﬁned as in Table 8. bSee Methods for details.

Nevertheless, these discrepancies between ab initio and MM
calculations can be again corrected using pair-speciﬁc LJ
parameters, optimized against the target data. These NBFIX
parameters are reported in Table 12. As shown in Figure 8

(and Tables 8−11), these corrections markedly improve the
energetics of the global energy-minimum conﬁgurations,
reducing the average unsigned error in interaction energies
down to 3.6%, 4.0%, 3.8%, and 3.7% for F−, Cl−, Br−, and I−
6253

https://doi.org/10.1021/acs.jctc.1c00550
J. Chem. Theory Comput. 2021, 17, 6240−6261

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Article

Table 12. Optimized Pair-Speciﬁc LJ Parameters for HalideIon Interaction with Neutral Polar and Aromatic Groups in
Proteins and Lipids
NBFIX
ion

atom-type pair (xi)

ϵxi (kcal/mol)

Rmin,xi (Å)

F−

FLA-HP
FLA-NH1
FLA-NH2
FLA-NR1
FLA-NY
FLA−OH1/OHL
FLA-S

−2.500
−0.036
−0.038
−0.055
−0.060
−0.090
−2.500

2.100
3.765
3.765
3.765
3.765
3.685
3.250

Cl−

CLA-HP
CLA-NH1
CLA-NH2
CLA-NR1
CLA-NY
CLA−OH1/OHL
CLA-S

−1.000
−0.080
−0.080
−0.055
−0.075
−0.075
−1.600

2.900
4.120
4.120
4.120
4.120
4.040
3.800

Br−

BRA-HP
BRA-NH1
BRA-NH2
BRA-NR1
BRA-NY
BRA−OH1/OHL
BRA-S

−0.800
−0.110
−0.105
−0.080
−0.110
−0.075
−1.000

3.100
4.240
4.240
4.240
4.240
4.160
3.820

I−

IOD-HP
IOD-NH1
IOD-NH2
IOD-NR1
IOD-NY
IOD−OH1/OHL
IOD-S

−0.700
−0.077
−0.100
−0.080
−0.115
−0.055
−1.100

3.250
4.470
4.470
4.470
4.470
4.390
3.950

Figure 8. Improvement in the representation of anion-neutral
analogue interactions. For each of the complexes depicted in Figures
6 and 7, interaction energies and contact distances calculated with
MP2/6-311++G(d,p) ab initio calculations are contrasted with those
calculated with CHARMM36m, either using generic LJ parameters
(black data points) or optimized pair-speciﬁc NBFIX corrections (red
data points). The numerical values are presented in Tables 8−11.

(or 2.7, 1.4, 1.2, and 1.1 kcal/mol). Importantly, this marked
improvement does not require greater deviations in the
minimum-energy geometry of the complexes; both the
optimized and the generic models yield comparable results in
this regard. For example, the average unsigned error in the ionligand interaction distances is 0.13, 0.11, 0.08, and 0.12 Å in
the generic model and is 0.10, 0.08, 0.13, and 0.14 Å upon
optimization (see Figure 8 and Tables 8−11).
To further quantify the signiﬁcance of the NBFIX
corrections, we calculated PMFs for each of the ion−analogue
pairs in water, using the generic and pair-speciﬁc models (see
Figures 9 and 10, as well as Tables S15−S18 in the Supporting
Information). The results underscore the inadequacies of the
standard combination rules, which result in little to no
association for most of the complexes. The results are
particularly striking for Cl−, as this ion has been used
extensively in simulations of biomolecular systems, including
Cl−-speciﬁc receptors and transport proteins. The PMFs
demonstrate that the existing parameters in CHARMM36m
fails to capture the hydrogen bonding of Cl− to NH groups in
the protein backbone or side chains, or its edgewise interaction
with aromatic rings, while the stability of Cl−-hydroxyl contacts
is also minimal (see Figures 9 and 10, as well as Table S15 in
the Supporting Information). The NBFIX-corrected models
are clearly more plausible, in that they produce more stable
complexes, and yet dissociable as can be expected for an
aqueous condition. Only for the complexes of F− with
methanol, ethylene glycol and acetic acid does the optimized
model weaken the degree of ion−analogue pairing. However,
note that, for these three analogues, the generic model predicts
stronger aﬃnity to F− than to the other halide ions, which is
incongruent with the trend seen for all other ligands (both

a

a

Atom-type nomenclature used in CHARMM36m.

cationic and neutral). The NBFIX corrections restore this
trend; that is, F− complexes are the least stable in water
(despite the greater gas-phase interaction energies), because of
the much-greater dehydration free-energy cost of this anion.
Also note that, for most complexes, the global free-energy
minimum corresponds to the contact ion-analog pair (Tables
S16−S18 in the Supporting Information); many of the
complexes display additional weaker free-energy minima at
larger distances, which corresponds to either solvent-mediated
complexes, or alternative interaction geometries. For example,
for ethylene glycol, the ion might interact with both OH
groups simultaneously or with a single OH group; similarly, for
phenol and indole, the ion can form multiple CH···X− contacts
along the edge of the aromatic rings, but those that
simultaneously involve the OH and NH groups, respectively,
are the most favorable, as might be expected.
3.5. Simulations of CLC Cl−Transporter Underscore
Signiﬁcance of NBFIX Corrections. For Cl− speciﬁcally,
analysis of high-resolution structures in the Protein Data Bank
shows that the most frequent coordinating ligand is the protein
backbone, as might be expected. Among neutral side chains,
the most frequent ligands are Gln/Asn, Ser/Thr, Trp, Tyr, and
occasionally Phe. Therefore, a prototypical example of this type
of protein coordination is the so-called “Scen” site in the interior
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Figure 9. Potentials of mean force (PMFs) for the association of each of the halide ions with NMA, acetamide, methylamine, methanol, ethylene
glycol, and acetic acid, from umbrella-sampling MD simulations of single ion−analogue pairs in water. Data are shown for calculations with the
CHARMM36m force ﬁeld and either generic LJ parameters (black) or NBFIX pair-speciﬁc corrections (red).

of the CLC-ec1 Cl−/H+ antiporter (Figure 11A). In this site,
the Cl− ion is directly coordinated by two backbone amide
groups (Ile356 and Phe357) and two hydroxyl groups (Tyr445
and Ser107); two phenylalanine rings are also in proximity

(Phe348 and Phe357) (Figure 11B). To substantiate our claim
that the CHARMM36m force ﬁeld underestimates these (and
other) interactions, we present two 4-μs MD trajectories of the
CLC-ec1 protein in 150 mM NaCl, calculated on an Anton 2
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Figure 10. Potentials of mean force (PMFs) for the association of each of the halide ions and methanethiol, benzene, phenol, indole, and imidazole,
from umbrella-sampling MD simulations of single ion−analogue pairs in water. Data are shown for calculations with the CHARMM36m force ﬁeld
and either generic LJ parameters (black) or NBFIX pair-speciﬁc corrections (red).

supercomputer. In one trajectory, Cl− was represented using
the generic LJ parameters and the standard Lorentz−Berthelot
combination rules; in the other, we used the NBFIX
parameters reported above. The simulation speciﬁcations are
analogous otherwise. In particular, to ensure that this
comparison directly probes the parameters describing the
protein−Cl− interactions, the conformation of the protein
backbone was weakly restrained (Methods). This restriction
notwithstanding, the simulation based on generic LJ
parameters resulted in irreversible dissociation of Cl− from
the Scen site soon after 2 μs (Figure 11C). That is, although the
binding site is structurally preformed, no other Cl− was
observed to reoccupy the site after the initial dissociation

event. Further inspection of this trajectory indicates that this
dissociation event is caused by an imbalance between ion−
protein and ion−water interactions; the latter are seen to
compete with the former, and the Cl− ion becomes mostly
coordinated by water while still within the site, thereby
facilitating dissociation, and making rebinding improbable (see
Figures 11D and 11E). The irreversibility of this event is
clearly inconsistent with experiment, which indicates the
dissociation constant for this site is in the mM range.116−118
That is, at 150 mM NaCl, this binding site should be quickly
reoccupied. By contrast, the simulation of CLC-ec1, using the
NBFIX parameters, show no dissociation of the ion in 4 μs
(see Figures 11C and 11F). In this trajectory, water molecules
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Figure 11. Simulated MD trajectories of CLC-ec1 Cl−/H+ antiporter. Data are shown for calculations with the CHARMM36m force ﬁeld and
either generic LJ parameters or the pair-speciﬁc NBFIX corrections reported above. (A) Simulation system, including a CLC-ec1 monomer, viewed
from the extracellular side (yellow surface), a POPC bilayer (lines), and a 150 mM NaCl solution (green/magenta spheres; water not shown for
clarity). The system comprises ca. 240 000 atoms, in an orthorhombic box of ca. 180 Å × 180 Å × 72 Å. Also shown is the architecture of the CLCec1 monomer (yellow cartoons), viewed along the plane of the membrane, highlighting the location of the Scen site, and the Cl− ion bound therein
at t = 0 (green). (B) Closeup of the Scen site, highlighting the coordinating ligands at t = 0, and the near side chain of Glu148, which contributes to
couple Cl− and H+ antiport. (C) Time-series of the mean distance between the protein ligands highlighted in panel (B) and nearest Cl− ion in the
simulation system, for the trajectories calculated with the generic CHARMM36m force ﬁeld and with the NBFIX corrections reported above. (D)
Competition between ion−water and ion−protein interactions in the trajectory calculated with generic CHARMM36m. For the trajectory fragment
that encompasses the irreversible Cl− dissociation event, the plot compares time series of the hydration number of the Cl− ion bound to the Scen site
at t = 0 and the distances between the ion and each of the protein ligands therein (for clarity, running averages of 3 ns and 1 ns are shown in each
case, respectively). (E) Closeup of the conﬁguration of the Scen site at t = 4 μs, for the trajectory calculated with generic CHARMM36m; note
Glu148 replaces Cl− following its dissociation, forming hydrogen bonds with the backbone amides of I356N and F357N. (F) Closeup of the
conﬁguration of the Scen site at t = 4 μs, for the trajectory calculated with the NBFIX corrections developed here.

also become in direct contact with the Cl− ion and complete its
coordination shell, but these interactions coexist with ion−
protein hydrogen bonds, which ﬂuctuate as can be expected
but are preserved on average. These results underscore the
limitations of generic CHARMM36m for mechanistic studies
of anion-speciﬁc proteins, and the need for pair-speciﬁc
parametrizations such as those proposed here.

This development is an extension of the nonpolarizable, ﬁxedcharge CHARMM36m force ﬁeld, and thus aims to mimic
polarizability and charge-transfer eﬀects through pair-speciﬁc
LJ parameters that override the standard Lorentz−Berthelot
combination rules. We posit that these models, while
necessarily imperfect, will foster a renewed interest in
molecular systems and processes involving the recognition
and transport of halide ions, and that they will help reveal
novel insights and suggest new experimental avenues. It will
also be of interest to revisit systems examined previously, and
in particular chloride-speciﬁc channels and transporters, as our
analysis shows that nonpair-speciﬁc LJ parameters lead to clear
deﬁciencies in the representation of its interactions with
proteins and lipids. Similarly, it will be of interest to examine
whether our conclusions and methodology apply to other
widely used nonpolarizable force ﬁelds, such as those in the
AMBER, OPLS and GROMOS families.

4. CONCLUSIONS
F−, Cl−, Br−, and I− have important physiological roles, but can
also be cytotoxic. The underlying molecular mechanisms, both
in health and disease, remain to be fully understood and are
actively investigated. Atomically detailed simulation methods
can potentially contribute to this research in important ways.
However, it is crucial that these methods represent the
interactions of these ions with their environment with
suﬃcient realism, without compromising computational
aﬀordability or transferability across systems, software environments, or computer architectures. Here, we have reported a
molecular-mechanics force ﬁeld for the halide ions calibrated
against diﬀerent sources of experimental data, from hydration
free energies and coordination numbers to osmotic coefﬁcients, as well as gas-phase quantum mechanical calculations.
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